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In this work, the production of photons through binary scattering processes is investigated for
equilibrated hadronic systems. More precisely, a nonequilibrium hadronic transport approach to
describe relativistic heavy-ion collisions is benchmarked with respect to photon emission. Cross
sections for photon production in pi + ρ → pi + γ and pi + pi → ρ + γ scattering processes are
derived from an effective chiral field theory and implemented into the hadronic transport approach,
SMASH (Simulating Many Accelerated Strongly-interacting Hadrons). The implementation is
verified by systematically comparing the thermal photon rate to theoretical expectations. Further,
the impact of form factors is discussed, scattering processes mediated by ω mesons are found
to contribute significantly to the total photon production. Several comparisons of the yielded
photon rates are performed: to parametrizations of the very same rates as used in hydrodynamic
simulations, to previous works relying on different cross sections for the production of direct
photons from the hadronic stage, and to partonic rates. Finally, the impact of considering the finite
width of the ρ meson is investigated, where a significant enhancement of photon production in the
low-energy region is observed. This benchmark is the first step toward a consistent treatment of
photon emission in hybrid hydrodynamics+transport approaches and toward a genuine dynamical
description.
I. INTRODUCTION
Photons are valuable and direct probes of the strongly
interacting medium created in heavy-ion collisions. Not
only do they escape the fireball scarcely affected, they
are also produced in all stages of a heavy-ion collision,
thus providing a time-integrated picture of the evolution.
A number of heavy-ion experiments are currently being
carried out at different facilities covering a wide range of
collision energies. The major goal of these efforts is the
understanding of strongly interacting matter at extreme
temperatures and densities.
The measured direct photon emission (i.e. all photons ex-
cluding decay photons from long-lived hadronic decays)
in heavy-ion collisions currently lacks a complete theo-
retical explanation. Most prominently, the photon yield
and elliptic flow measured at RHIC (Relativistic Heavy-
Ion Collider)[1–3] and LHC (Large Hadron Collider)[4–7]
can still not be described simultaneously within any the-
oretical calculation [8–11]. Previous effort has gone into
dissolving the tension between theory and experiment, ei-
ther by focusing on initial state phenomena [12–16], bulk
and medium effects [17, 18], thermal emission from the
plasma [16, 19–23] or hadronic emission from the late
stages [22, 24–27]. In addition, attempts to couple pho-
ton production from the thermal plasma and from the
hadron gas have been made. Therein, the space-time evo-
lution of the system is usually modeled by means of hy-
drodynamics and photon emission is calculated by fold-
ing the temperature evolution with photon rates [28, 29].
Alternatively, transport approaches are being used to de-
scribe photon production based on microscopic cross sec-
tions for the partonic stage [20], the late stages [25], or
the entire evolution of the system [22]. There are hints
that photons originating from the late and dilute rescat-
tering phase of heavy-ion collisions might contribute sig-
nificantly to the generation of direct photon elliptic flow
[10, 30–33]. In the late stage of the evolution the mo-
mentum asymmetries of the medium are fully developed
and photons inherit the elliptic flow from hadrons.
This work focuses on the mesonic production of photons
in the late, dilute stages. In previous works within the
transport approaches UrQMD (Ultra-relativistic Quan-
tum Molecular Dynamics) [25] and PHSD (Parton-
Hadron String Dynamics) [22, 24] mesonic photon pro-
duction is implemented relying on cross sections from
[34]. In SMASH (Simulating Many Accelerated Strongly-
interacting Hadrons) [35, 36] cross sections based on the
effective field theory described in [37, 38], suitable to de-
scribe a larger number of photon production processes,
are incorporated. The current work provides details of
the calculated cross sections and a benchmark of the cor-
responding thermal rates compared to analytic expecta-
tions. The importance of processes involving the ω me-
son are confirmed, as found in [39]. These processes can
not be described within the framework provided in [34].
ar
X
iv
:1
90
2.
07
56
4v
2 
 [n
uc
l-t
h]
  1
 Ju
l 2
01
9
2In addition, the more complete framework described in
[37, 38] is successfully applied in hydrodynamic simula-
tions. Therefore, a hybrid approach employing SMASH
as an afterburner to describe the entire evolution of a
heavy-ion collision should rely on the same input, for
consistency.
In the following, the applied effective chiral field theory
is first described in Sec. II A before the cross section
are determined in Sec. II B. In Sec. III A the hadronic
transport approach SMASH is introduced with particu-
lar emphasis on the implementation of photon produc-
tion in Sec. III A 1. This implementation is validated in
Sec. III B 1 by comparing the thermal photon rates from
SMASH to theoretical expectations. The effect of intro-
ducing form factors is further studied in Sec. III B 2. In
continuation, the resulting photon rates from SMASH,
derived within the framework described in [38], are com-
pared to parametrizations of the very same rates in Sec.
III B 3. In Sec. III B 4, they are further compared to
another set of hadronic photon rates as derived in [34],
and to partonic AMY photon rates [21, 40]. Finally, the
previously described framework is extended to broad ρ
mesons in Sec. III B 5. A summary and an outlook are
further presented in Sec. IV. In addition, the differential
cross sections of the presented framework, the thermal
photon rates and further details regarding the extension
to broad ρ mesons and the implementation in SMASH
are provided in Appendices A-E.
II. PHOTON CROSS SECTIONS FROM AN
EFFECTIVE CHIRAL FIELD THEORY
A. Theoretical framework
The theoretical framework in which the cross sections
are calculated, is described in detail in [37, 38]. Thus,
only the main features are covered in the following, and
the interested reader is referred to the original publica-
tion.
The underlying theory can be classified as a chiral ef-
fective field theory with mesonic degrees of freedom. It
follows from a massive Yang-Mills approach [41], capa-
ble of describing pseudoscalar, vector and axial vector
mesons and the photon. The corresponding Lagrangian
reads as
L = 1
8
F 2pi Tr
(
DµUD
µU†
)
+
1
8
F 2pi Tr
(
M
(
U + U† − 2))− 1
2
Tr
(
FLµνF
Lµν + FRµν F
Rµν
)
+
m20 Tr
(
ALµA
Lµ +ARµA
Rµ
)
+ γ Tr
(
FLµνUF
RµνU†
) − iξ Tr (DµUDνU†FLµν +DµU†DνUFRµν)−
2em2V
g˜
Bµ Tr
(
QV˜ µ
)
− 1
4
(∂µB
ν − ∂νBµ)2 + 2e
2m20
g20
BµB
µTr
(
Q2
)
+ gV V φ εµναβ Tr
[
∂µV ν∂αV βφ
]
, (1)
where
U = exp
(
2i
Fpi
φ
)
φ =

pi0√
2
+ η8√
6
pi+ K+
pi− η8√
6
− pi0√
2
K0
K− K¯0 − 2√
6
η8

ALµ =
1
2
(Vµ +Aµ)
ARµ =
1
2
(Vµ −Aµ)
Dµ = ∂µ − ig0ALµ + ig0ARµ
FL,Rµν = ∂µA
L,R
ν − ∂νAL,Rµ − ig0[AL,Rµ , AL,Rν ]
M =
2
3
(
m2K +
1
2
m2pi
)
− 2√
3
(
m2K −m2pi
)
λ8.
(2)
In the above, φ, Vµ and Aµ denote the pseudoscalar, vec-
tor and axial vector meson fields, respectively. Fpi is the
pion decay constant and λi are the Gell-Mann matrices.
The remaining parameters are chosen such that they cor-
respond to set (II) in the categorization made in [38]. For
the sake of reproducibility, the values of these parameters
as used in our computation can be found in Appendix E.
Note that ρ mesons are treated as stable particles, ne-
glecting their finite width. In Sec. III B 5, an attempt is
made, to apply the derived framework to a system where
the width of the ρ meson is explicitly taken into consid-
eration.
The above described theoretical framework is further ex-
tended by applying hadronic dipole form factors of the
kind
Fˆ (t) =
(
2Λ2
2Λ2 − t¯pi/ω(Eγ)
)2
, (3)
where Λ = 1 GeV and t¯ can be parametrized as a function
of the photon energy (E), for pi and ω meson exchange.
3In [37], these parametrizations read
t¯pi = 34.5096 GeV
−0.737 E0.737 −
67.557 GeV−0.7584 E0.7584 +
32.858 GeV−0.7806 E0.7806,
(4)
t¯ω =− 61.595 GeV−0.9979 E0.9979 +
28.592 GeV−1.1579 E1.1579 +
37.738 GeV−0.9317 E0.9317 −
5.282 GeV−1.3686 E1.3686.
(5)
Note that, for simplicity, form factors are applied di-
rectly to the final cross sections, rather than to each
specific vertex individually. This is possible since the
parametrizations, and therefore also the form factors de-
fined in Eq. (3), depend on the photon energy only, and
do not rely on knowledge about the kinematic details of
the underlying scattering process.
B. Photon cross sections
There are 8 different photon production channels that
are currently implemented in the SMASH transport ap-
proach. Following the logic in [38], they are categorized
into processes mediated by either (pi, ρ, a1) mesons or the
ω meson. The considered processes are:
pi± + pi∓ → (pi,ρ, a1)→ ρ0 + γ (6a)
pi± + pi0 → (pi,ρ, a1)→ ρ± + γ (6b)
pi± + ρ0 → (pi,ρ, a1)→ pi± + γ (6c)
pi0 + ρ± → (pi,ρ, a1)→ pi± + γ (6d)
pi± + ρ∓ → (pi,ρ, a1)→ pi0 + γ (6e)
pi0 + ρ0 → ω → pi0 + γ (6f)
pi± + ρ∓ → ω → pi0 + γ (6g)
pi0 + ρ± → ω → pi± + γ (6h)
Note that these processes involve solely pions and ρ
mesons as initial or final state particles. While the first
block corresponds to processes of the kind pi+pi → ρ+γ,
the second and third block consist of pi + ρ → pi + γ
processes. The latter are only different with regard to
the mediating particles, (pi, ρ, a1) mesons in the second
and the ω meson in the third block. Note further that
while processes (6d) and (6e) may be mediated by both,
(pi, ρ, a1) and ω meson, process (6c) only occurs through
exchange of (pi, ρ, a1) mesons and process (6f) only
though exchange of the ω meson. (pi, ρ, a1)-mediated
and ω-mediated channels are treated separately to be in
accordance with [38], where some production channels
are included in the imaginary part of the vector meson
spectral density.
Starting from the Lagrangian in Eq. (1), it is pos-
sible to derive the Feynman rules and matrix elements
for each of the processes above, taking into account
all contributing Feynman diagrams. The Feynman
diagrams are not listed here, the interested reader is
referred to the Appendix of [37]. It is straightforward to
determine the differential cross sections, once the matrix
elements are known, through:
dσ
dt
=
1
64 pis p2c.m.
|M|2 (7)
The total cross section is finally determined by in-
tegration over t. Here, s denotes the square of the
center-of-mass energy and pc.m. the center-of-mass
momentum of the binary scattering process. |M|2 is the
matrix element squared.
Eq. (7) is applied to each of the above listed processes.
The results obtained for the total cross sections as
a function of
√
s are presented in Fig. 1, where
the upper plot displays processes (6a) and (6b), the
middle one (6c) - (6e) and the lower one (6f) - (6h).
The vertical line denotes the kinematic threshold in
each specific scattering process. The cross sections of
(pi, ρ, a1)-mediated processes, as depicted in the upper
and center panel of Fig. 1, indicate that except for
the pi0 + ρ → pi + γ process, all show a decreasing
profile with increasing
√
s and tend to diverge at their
respective thresholds. The pi0 + ρ → pi + γ process on
the other hand also diverges at the threshold, but slowly
increases with rising center-of-mass energies. In contrast
to (pi, ρ, a1)-mediated processes, the cross sections of all
ω-mediated processes show a similar behavior. Judging
from the lower panel in Fig. 1, they are approximately
zero in the vicinity of the threshold and increase with
rising
√
s.
The cross sections for the above listed photon pro-
cesses are further implemented into a hadronic transport
model to set up a framework capable of investigating
the production of photons in heavy-ion collisions. To
allow for easy usage of these cross sections within
other frameworks, the analytic expressions of the
depicted cross sections are available on GitHub:
https://github.com/smash-transport/phoxtrot.
See Appendix A for further details.
III. THERMAL PHOTON RATES FROM
HADRONIC TRANSPORT
A. Model description
The above determined cross sections are implemented
in SMASH. The project is open-source and the code is
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FIG. 1. Cross sections of (pi, ρ, a1)-mediated pi + pi → ρ +
γ processes (upper panel), (pi, ρ, a1)-mediated (center panel)
and (ω)-mediated (lower panel) pi+ ρ→ pi+ γ processes as a
function of
√
s.
available on GitHub [36]. SMASH is a newly developed
hadronic transport approach with vacuum properties. It
is designed for the dynamical description of heavy-ion col-
lisions at low and intermediate energies as well as late, di-
lute, nonequilibrium stages of high-energy heavy-ion col-
lisions. It provides an effective solution of the relativistic
Boltzmann equation by modeling the collision integral
through formations and decays of hadronic resonances as
well as string excitation and fragmentation. The degrees
of freedom include all well-established hadrons listed by
the PDG [42] up to a mass of M ≈ 2.35 GeV. As SMASH
is designed to satisfy detailed balance, it comprises solely
binary collisions; multiparticle decays are thus modeled
by means of intermediate resonances. The collision find-
ing algorithm is based on the geometric collision criterion.
A thorough description of this approach is provided in
[35] and a systematic comparison to an analytic solution
of the Boltzmann equation can be found in [43]. Further-
more, transport coefficients, dileptons and strangeness
production have been studied successfully within SMASH
[44–47].
1. Photon treatment in SMASH
Photons are treated perturbatively in SMASH, which
is justified by αEM/αs  1. A photon process occurs,
whenever there is a hadronic interaction of two particles
that could potentially produce a photon. That applies to
all processes where the incoming particles of any hadronic
interaction (elastic or inelastic) are equivalent to the in-
coming particles of one of the photon processes listed in
(6a) - (6h). The produced photons are directly printed
to a separate output, but not further propagated. In-
stead, the underlying hadronic reaction is performed as
if no photon reaction had taken place. Each produced
photon is assigned a specific weight W , that scales the
production probability in terms of cross section ratios:
W =
σγ
σhad
, (8)
with σhad being the cross section of the underlying
hadronic interaction and σγ the cross section of the
performed photon process.
Photons are rare probes in heavy-ion collisions.
Consequently, they call for extremely high statistics
in order to provide useful results. The perturbative
treatment is very useful to this end. In addition,
so-called fractional photons are implemented in SMASH
to artificially increase statistics. The realization follows
the implementation in UrQMD [25], so that instead
of producing one photon, Nfrac fractional photons are
produced with different kinematic properties. This is
achieved by explicitly sampling the final state particles
based on the momentum transfer and scattering angle
of the binary collision. The exact value of Mandelstam t
is randomly sampled from the t distribution provided by
the differential cross section, for each fractional photon.
Hence, the weighting factor introduced in Eq. (8) needs
to be reformulated as
W =
dσγ
dt (t2 − t1)
Nfrac σhad
, (9)
where
dσγ
dt denotes the differential cross section of the
photon process and t1 and t2 are the lower and upper
bound of the Mandelstam t variable, respectively. By
5means of fractional photons, it is possible to cover signif-
icantly more photon phase space with one single under-
lying hadronic interaction.
B. Results
The results presented in this section are, unless stated
differently, produced in an infinite matter simulation with
SMASH-1.5. It is verified that the medium is in thermal
and chemical equilibrium. The degrees of freedom con-
sidered for the presented simulation are pions, ρ mesons
and the photon, which suffice to describe processes (6a)
- (6h). It is worthwhile mentioning that the ω and a1
mesons need not be included as degrees of freedom in the
simulation since, as an artefact of the perturbative treat-
ment, the exchanged particles are never actually formed.
Their rest masses and widths do however enter the com-
putation of the cross sections as input parameters.
Note further that for the first part, the width of the ρ
meson is set to zero. This originates from the underly-
ing effective field theory at tree level, in which ρ mesons
are assumed to be stable particles. Comparisons to the-
oretical expectations and to the results presented in [37]
are only possible relying on identical assumptions. A
detailed discussion about a possible extension to broad
ρ mesons is carried out in Sec. III B 5. Except for Sec.
III B 5 and Appendix D, Γρ = 0 is applied in all test cases.
Note further that we use a constant elastic cross section
of σ = 30 mb instead of resonance formations and de-
cays for the collision finding in the presented test cases.
This allows for computationally less expensive simula-
tions while guaranteeing sufficiently high statistics, and
is justified by the weighting procedure according to Eqs.
(8) and (9).
In the following, a collection of results are presented for
the thermal photon rate as determined from SMASH in
a number of different setups. All simulations are carried
out with 100 fractional photons, a runtime of 200 fm per
event and are averaged over 100.000 events. The cubic
box applied to simulate infinite matter has a length of 10
fm and is initialized with pion and ρ meson multiplicities
according to the grand-canonical ensemble.
1. Comparison to theoretical expectation
First, the functionality of the photon framework
in SMASH is verified by means of a comparison to
theoretical expectations. The thermal photon rate, i.e.
the number of produced photons per unit time and
volume, has proven to be most suitable for this com-
parison. It is well known [34], that the thermal photon
rate for a process of the kind A+B → C+γ is defined as
E
dR
d3p
= N
∫
(2pi)4 δ4(pµA + p
µ
B − pµC − pµ) |M|2
× f(EA) f(EB) f(EC) 1
2(2pi)3
× d
3pA
2EA(2pi)3
d3pB
2EB(2pi)3
d3pC
2EC(2pi)3
,
(10)
where N is the degeneracy factor, f(Ei), Ei and p
µ
i
are the distribution functions, the energy and the
4-momenta of particles A,B,C and pµ is the photon
4-momentum.
Eq. (10) is integrated numerically to obtain the theoret-
ical expectations for the photon rates corresponding to
processes (6a) - (6h). Boltzmann equilibrium statistics
are applied to match the assumptions of SMASH. The
theoretically expected rates are depicted as light bands
in Fig. 2 and Fig. 3, while the results yielded with
SMASH are marked by thinner lines. Note that the
effective temperature of the box differs slightly from
its initialization temperature, such that the theoretical
expectations are computed for the effective temperature.
Unfortunately, the temperature extracted from the
momentum distribution in the box is characterized by
large uncertainties. In turn, this results in a large error
for the theoretically expected photon rate. The bands
in the upper plots of Fig. 2 and Fig. 3 are therefore
drawn between the photon rates corresponding to the
lower and upper limit of the effective temperatures. For
the ratio in the lower plots of Fig. 2 and Fig. 3, the
line corresponds to the mean of the two aforementioned
photon rates, while the error bands again reflect the
uncertainty in the temperature determination. The
ratios displayed in the lower panel are further scaled
linearly to increase readability.
The SMASH simulation is carried out at a temperature
of T = 150 MeV, where strongly interacting matter is
expected to be of hadronic origin. As previous works
have usually computed photon rates at a temperature of
T = 200 MeV, SMASH results for this temperature are
provided in Appendix C. In Fig. 2, the thermal photon
rate as a function of the photon energy is presented for
(pi, ρ, a1)-mediated processes (6a)-(6e). Within uncer-
tainties, an excellent agreement is found between the
results from SMASH and the theoretical expectations.
In Fig. 3, the thermal photon rate as a function of the
photon energy is presented for ω-mediated processes
(6f)-(6h). Note that on purpose the scale of the y-axis
is identical to the one in Fig. 2 to allow for an easy
comparison of the order of magnitude. Again, an
excellent agreement is observed within uncertainties.
It can be concluded that the SMASH results pre-
sented in Fig. 2 and Fig. 3 coincide impressively well
with theoretical expectations. Hence, the photon
treatment and the underlying dynamics in SMASH
are validated. Most importantly however, the nearly
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FIG. 2. Comparison of thermal photon rates for (pi, ρ, a1)-
mediated processes, (6a) - (6e), as determined with SMASH
(thin lines) to theoretical expectations (bands) in an infinite
matter simulation at a temperature of T = 150 MeV.
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FIG. 3. Comparison of thermal photon rates for ω-mediated
processes, (6f) - (6h), as determined with SMASH (thin lines)
to theoretical expectations (bands) in an infinite matter sim-
ulation at a temperature of T = 150 MeV.
perfect agreement verifies the cross section calculations
presented above.
2. Introduction of form factors
The results discussed in the previous section are now
improved by properly including form factors following
the description in section II A. The results are presented
in Fig. 4, where the different photon production pro-
cesses are grouped into 3 categories: Processes (6a) and
(6b) are combined in the red curve and correspond to
(pi, ρ, a1)-mediated pi + pi → ρ + γ processes. (6c), (6d),
(6e) are combined in the blue curve to account for all
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FIG. 4. Thermal photon rates of combined pi + pi →
(pi, ρ, a1) → ρ + γ (red), pi + ρ → (pi, ρ, a1) → pi + γ (blue)
and pi+ρ→ ω → pi+γ (orange) production channels without
form factors (dashed lines) and with form factors (solid lines)
at T = 150 MeV. The upper plot shows the resulting photon
rates with form factors for all three contributions.
(pi, ρ, a1)-mediated pi + ρ→ pi + γ processes. The orange
curve contains the corresponding ω-mediated processes
of this channel, (6f), (6g) and (6h). While the upper
plot shows the resulting photon rates with form factors,
the three lower plots demonstrate the effect of including
form factors, for each of the three groups individually. It
can be observed that the inclusion of form factors results
in a reduction of the photon rate for pi + pi → ρ + γ
and pi + ρ → (pi, ρ, a1) → pi + γ processes, while for
pi + ρ → ω → pi + γ processes, it is reduced only in
the high-energy region, but significantly enhanced for
low photon energies. Generally, the consideration of
form factors causes a decrease of the photon rate which
is more pronounced for higher photon energies. For
ω mediated processes however there is an additional
ingredient: The coupling constant at the pi−ρ−ω vertex
is significantly higher once form factors are applied. This
is due to the unambiguous relation between the matrix
element and the decay width of the ω-meson for the
ω → pi + γ decay. The latter is known from experiment
and requires an adjustment of the coupling constant,
from 11.93 GeV−1 to 22.6 GeV−1. It can be observed,
that for photon energies E . 1.5 GeV, the response
of the ω-mediated photon rate to the introduction of
form factors is completely governed by the increased
coupling constant, resulting in a much greater photon
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FIG. 5. Thermal photon rates of combined (pi, ρ, a1)-mediated
and ω-mediated processes at a temperature of T = 150 MeV
from an infinite matter simulation, carried out with SMASH.
Form factors are included.
production than in the case without form factors. It is
only for high photon energies, E & 1.5 GeV, that the
decreasing nature of form factors surpasses the effect of
an increased coupling constant.
In fact, the contribution to the total photon rate by
ω-mediated processes in pi + ρ → pi + γ production
channels is found to be on the same order of magnitude
as the contribution by (pi, ρ, a1)-mediated processes, once
form factors are taken into consideration. This clearly
indicates that photon production channels involving
ω mesons contribute significantly to the total photon
production and should therefore not be neglected.
Similar conclusions regarding the importance of photon
production channels involving ω mesons, albeit as initial
or final state particles, have already been drawn in [39].
In the following, the cross sections of (pi, ρ, a1)-mediated
and ω-mediated processes with identical initial and final
state particles ((6d) and (6h), (6e) and (6g)) are summed
up incoherently, but considering their respective form
factors, to define the total cross sections of these produc-
tion channels. The resulting photon rates are displayed
in Fig. 5, where the low-energy region is still dominated
by pi + pi → ρ + γ processes and the high-energy region
by pi + ρ→ pi + γ processes.
It is further instructive to investigate the dependence of
the photon rate on the temperature of the system. Such
a comparison is performed in Fig. 6, where the photon
rate in pi+pi → ρ+γ processes (upper), pi+ρ → pi+γ
processes (center) and the total contribution (lower)
is displayed for three different temperatures: T = 100
MeV (full, red), T = 150 MeV (dashed, blue) and
T = 200 MeV (dot-dashed, orange). It can be observed
that the photon rate increases with rising temperatures,
by approximately three orders of magnitude between
T = 100 MeV and T = 200 MeV, independently of the
scattering process.
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FIG. 6. Temperature scaling of the thermal photon rate for
pi + pi → ρ + γ processes (upper panel), for pi + ρ → pi + γ
processes (center panel), and the total contribution (lower
panel). Form factors are included. The y-axis is cut since the
rates are growing rapidly at small energies.
3. Comparison to parametrized photon rates
The authors of [37, 38] have further provided
parametrizations of the thermal photon rates correspond-
ing to the framework and cross sections implemented in
SMASH. These rates are for example applied in MUSIC,
a 3 + 1D hydrodynamic calculation for heavy-ion col-
lisions [48, 49], to describe photon production in the
hadronic phase. Form factors are included in their
calculations. In Fig. 7, the provided parametrizations
are compared to the thermal photon rates obtained
within SMASH at a temperature of T = 150 MeV.
The parametrizations are displayed with solid lines, the
SMASH results with dashed lines. They are grouped into
pi+pi → ρ+γ processes (upper), pi+ρ→ (pi, ρ, a1)→ pi+γ
processes (center) and pi + ρ → ω → pi + γ processes
(lower). As discussed in Sec. III B 1, the effective temper-
ature of the system is characterized by large uncertain-
ties. Consequently, the bands around the parametrized
rates represent the range of the parametrizations corre-
sponding to the lower and upper limit of the extracted
temperature. It can be observed that while there is
a very good agreement for the pi + pi → ρ + γ and
pi + ρ → (pi, ρ, a1) → pi + γ channels, there is a signif-
icant discrepancy in the case of the pi + ρ → ω → pi + γ
channel. This is due to different assumptions underly-
ing the SMASH calculation and the parametrizations.
While the above derived cross sections for ω-mediated
processes account for all contributing Feynman diagrams
(s-, and t-channel), the parametrizations only contain
the t-channels. The s-channels are absorbed in the in-
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FIG. 7. Comparison of thermal photon rates within SMASH
(dashed lines) to parametrizations of these rates (solid lines),
taken from [37], at T = 150 MeV.
medium ρ spectral function [38], while SMASH relies on
vacuum properties. An overestimation with SMASH is
therefore expected.
4. Comparison to other sources of direct photons
It is further possible to assess the difference between
the photon rates from SMASH based on [37, 38], and the
photon rates in [34] that are applied in other hadronic
transport approaches [22, 25]. Note though that both
sets of photon rates are determined within different effec-
tive field theories relying on different degrees of freedom.
As a consequence, the scattering processes in SMASH are
mediated by either pi, ρ, a1 or ω mesons while the pho-
ton rates in [34] can be mediated through exchange of pi
or ρ mesons only. The parametrizations of the photon
rates in [34] are provided in [50], but are modified by the
form factors defined in Eqs. (3),(4),(5) to allow for an
appropriate comparison. In Fig. 8 they are summed up
(solid line) and compared to the total photon rate from
SMASH (dashed line). As expected, the photon rates re-
sulting from the different frameworks are not identical.
The ratio in the lower plot shows that the framework de-
scribed in [34] provides higher photon rates than SMASH
for E . 0.4 GeV, and vice versa; where the discrepancy is
more pronounced for rising photon energies. These com-
parisons show the importance of the a1- and ω-mediated
processes, which are not included in the photon rates
from [34]. Since the two rates differ considerably, differ-
ences in the photon production in the late hadronic stage
of heavy-ion collisions are also expected.
Another well-established set of photon rates was de-
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FIG. 8. Comparison of thermal photon rates from SMASH
following the logic in [37, 38] (dashed line) to parametrization
of the photon rates used in other transport models, provided
in [34] (solid line). The parametrizations are taken from [50].
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FIG. 9. Comparison of thermal hadronic photon rates from
SMASH (dashed) to partonic photon rates (solid) described
within the AMY framework [21] at a temperature of T = 150
MeV. For the AMY parametrizations, αs = 0.2 and 2-flavor
QCD are applied.
rived by Arnold, Moore and Yaffe in [21, 40]. In con-
trast to the photon rates in [38] and [34], the AMY pho-
ton rates describe photon production in a partonic in-
stead of a hadronic medium. Previously, a coincidence
of these rates has been observed above the critical tem-
perature [28], whereas a priori one might not expect ei-
ther approach to be viable close to Tc. In Fig. 9, a
comparison between the thermal hadronic photon rate
from SMASH (dashed) and the partonic AMY photon
rate (solid) is performed at a temperature of T = 150
MeV. For the AMY rates, αs = 0.2 and Nflavor = 2
are assumed. Note though, that the applied value for
αs is merely a rough estimate, but sufficient to draw a
qualitative comparison. It can be concluded that while
both rates decrease with rising photon energies, the AMY
9contributions are significantly higher than the mesonic
contributions from SMASH. A considerable deficit of the
SMASH photon rate with respect to the AMY rates can
further be observed for E ≈ 0.5 GeV. It is however impor-
tant to mention that the performed comparison is char-
acterized by differences between the two frameworks and
thus allows for a very qualitative comparison only. While
the AMY parametrizations account for scattering pro-
cesses, annihilation processes, Bremsstrahlung processes
and the Landau-Pomeranchuk-Migdal (LPM) effect [51],
SMASH is based purely on binary scatterings; lacking
the LPM effect as well as annihilation processes and
Bremsstrahlung. Including the latter is important but
left for future work. Keeping these caveats in mind, it
is interesting to find both frameworks providing photon
rates at similar orders of magnitude.
5. Extension to broad ρ meson
The so far presented calculations rely on a stable ρ
meson, mainly to be in accordance with the underlying
field theory at tree level. Experimental measurements
have however shown that ρ mesons are characterized by
a significant finite width of Γρ = 0.149 GeV [42]. A
more realistic description within theoretical calculations
therefore calls for a consideration of this nonvanishing
width in the computation. While such considerations are
challenging within the underlying field theory, it is rather
easily feasible within SMASH. As such, the same infinite
matter simulation as previously presented is performed
with Γρ = 0.149 GeV instead of Γρ = 0 GeV. The mass
distribution of ρ mesons then follows a relativistic Breit-
Wigner distribution:
A(m) = 2N
pi
m2Γ(m)
(m2 −M20 )2 +m2Γ(m)2
, (11)
with N being the degeneracy factor, m the actual off-
shell mass, Γ(m) the mass-dependent width and M0
the pole mass. Further information about the reso-
nance treatment in SMASH is provided in [35]. There
is however one caveat to simply applying this photon
framework to broad ρ mesons: The photon production
processes (6a), (6d) and (6e) are each characterized by
one contributing diagram in which the scattering process
pi + ρ → pi + γ is also mediated by a ρ meson. This
means, there are two ρ mesons participating in the scat-
tering, one in the initial state, the other in the interme-
diate state. Those ρ mesons could in principle have dif-
ferent masses, which entails problems in the conservation
of the electromagnetic current Jµ, such that
∂µJ
µ 6= 0 (12)
This is related to some contributions in the matrix ele-
ments being proportional to
∆ ≡ m
2
ρ − u
M2ρ − u
, (13)
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FIG. 10. Effect of considering finite-width ρ mesons on the
thermal photon rate in pi + pi → ρ + γ processes (red) and
pi + ρ → pi + γ processes (blue). Computations with stable
ρ mesons are displayed with solid lines, those with finite ρ
mesons with dashed lines.
where mρ denotes the mass of the incoming ρ meson and
Mρ the mass of the intermediate one. Current conserva-
tion is only assured for ∆ = 1. In the case of Γρ = 0
GeV, it applies that
mρ = Mρ ⇔ ∆ = 1 (14)
whereas in the case of broad ρ mesons,
mρ 6= Mρ ⇔ ∆ 6= 1. (15)
generally holds. Eq. (15) is particularly problematic in
view of current conservation, considering that ∆ 6= 1
implies the electromagnetic current is not conserved
in processes (6a), (6d) and (6e). To circumvent this
problem, the cross sections used in the photon producing
scattering processes, are computed with mρ = Mρ, such
that ∆ = 1 is enforced, and current conservation is as-
sured. It is obvious that such a treatment is physics-wise
not entirely complete; the incoming and the intermediate
ρ meson can in principle have different masses. At the
same time, their masses are on average expected to be
the pole masses, which suggests the average difference
between mρ and Mρ can be assumed to be small and ∆
approximated with unity. This justifies the assumption
mρ = Mρ whilst at the same time giving rise to a
systematic error of extending the presented approach to
broad ρ mesons. Further discussion of this issue can be
found in Appendix D.
Fig. 10 shows the thermal photon rate for combined
pi + pi → ρ + γ (orange) and pi + ρ → pi + γ (blue)
processes with stable (dashed) and broad (solid) ρ
mesons. Most notably, a significant enhancement of
the photon rate in the region of low photon energies,
E ≤ 0.7 GeV, is observed for pi + ρ → pi + γ processes.
At the same time, the photon rate is slightly reduced for
higher photon energies. For pi + pi → ρ+ γ channels, an
opposite trend can be observed, albeit significantly less
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pronounced than in the previous case.
IV. CONCLUSION AND OUTLOOK
Cross sections for the production of photons in
hadronic processes have been derived from an effective
chiral field theory with mesonic degrees of freedom for
8 different production processes. These cross sections
are incorporated into a hadronic transport approach
(SMASH), useful to simulate low-energy heavy-ion col-
lisions as well as the late and dilute stages of high-
energy heavy-ion collisions. The functionality of the pre-
sented framework has been verified by an excellent agree-
ment between the thermal photon rates extracted from
SMASH and their theoretical expectations. The intro-
duction of form factors has further demonstrated the
importance of ω-involving contributions to the thermal
photon rate, which supports previous statements made
in [39]. It has also been shown that the determined pho-
ton rates show a good agreement with parametrizations
of the very same rates, as they are being used in hydro-
dynamic simulations. At the same time, the above pre-
sented framework provides slightly higher photon rates
than previous works in [34], which is attributed to the
differences in the underlying effective field theories. Fi-
nally, the presented framework has been extended to al-
low for a description of broad instead of stable ρ mesons.
A significant enhancement of the thermal photon rate,
especially in the region of low photon energies, has been
observed.
Mesonic photon production is implemented in SMASH
and provides good results. Yet, additional contribu-
tions to the total photon production need also be consid-
ered. Among these are Bremsstrahlung processes, bary-
onic scattering processes and possibly an extension to
the ω-involving processes presented in [39]. Photon pro-
duction cross sections from processes involving kaons in-
stead of pions can be calculated in an analogous fashion
in the future, even though their contribution to the rate
is expected to be subleading. In continuation, the pho-
ton framework in SMASH can be applied within hybrid
models for the description of the late and dilute stages
of heavy-ion collisions at RHIC/LHC energies and con-
tribute to the understanding of the ’photon flow puzzle’
[52].
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Appendix A: Photon Cross Sections
The photon cross sections derived within this work are
publicly available in C++ -readable format on GitHub.
The PHOXTROT project can be accessed through
https://github.com/smash-transport/phoxtrot.
PHOXTROT also provides a framework to easily
produce cross section plots by means of cmake. As
such, Fig. 1, Fig. 11 and Fig. 12 were created with of
PHOXTROT-1.0.
Appendix B: Differential Cross Sections
In addition to the above presented total cross sections,
it is further possible to derive the differential cross sec-
tions as functions of Mandelstam t or the scattering angle
θ for channels (6a) - (6h).
For completeness, the differential cross sections for
pi + pi → ρ + γ processes are displayed in Fig. 11 while
those of pi + ρ → (pi, ρ, a1) → pi + γ processes can be
found in Fig. 12. The upper plot in Figure 11 and the
two upper plots in Fig. 12 show them as a function of
Mandelstam t and the lower ones as a function of the
scattering angle θ.
Appendix C: Photon Rates at T = 200 MeV
In previous works, thermal photon production in
hadronic processes was usually investigated at a temper-
ature of T = 200 MeV. In the above considerations how-
ever, all computations are evaluated at T = 150 MeV, as
strongly interacting matter is believed to exist in quarks
and gluons instead of hadrons at T = 200 MeV. For the
sake of completeness, the corresponding results at T =
200 MeV are presented in this section. Qualitatively the
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FIG. 11. Differential cross section of pi+pi → ρ+γ processes as
a function of Mandelstam t (upper) and the scattering angle
θ (lower).
results presented in Fig. 13 are identical to those at T =
150 MeV in Sec. III.
Appendix D: Current Conservation and Broad ρ
As described in Sec. III B 5, it is possible to extend
the derived photon framework to account for finite-width
ρ mesons by means of SMASH. However, this transi-
tion entails problems regarding current conservation in
those production channels where ρ mesons serve simul-
taneously as initial and intermediate state particles with
different masses. As already described in Sec. III B 5,
both masses are equated, to circumvent this problem and
enforce current conservation in exchange for a physics-
wise less complete description. A systematic error is thus
introduced into the presented model. To assess the mag-
nitude of the introduced uncertainty, two further anal-
yses are undertaken. First, the average value of ∆ (Eq.
(13)), the term that breaks current conservation once the
incoming and the intermediate ρ meson masses are not
identical, is investigated.
Fig. 14 shows the average value of ∆ =
m2ρ−u
M2ρ−u for
different initialization temperatures of a thermally equi-
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FIG. 12. Differential cross sections of (pi, ρ, a1)-mediated and
(ω)-mediated pi + ρ→ pi + γ processes as a function of Man-
delstam t (upper plots) and of the scattering angle θ (lower
plots).
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FIG. 13. Thermal photon rates as from SMASH (lines) in
comparison to theoretical expectations (bands) at a temper-
ature of T = 200 MeV. See Sec. III B 1 for further details.
librated box. Resulting from the perturbative photon
treatment in SMASH, the intermediate ρ meson is never
actually formed, so its mass is not accessible. To nev-
ertheless estimate the effect of a broad initial ρ meson
on ∆, Mρ is approximated with the ρ pole mass, such
that Mρ = 0.776 GeV. The mass of the incoming ρ me-
son follows from the underlying dynamics in SMASH. It
can be observed that the average value of ∆ differs by
at most 11 % from the current conserving expectation of
∆ = 1 in the temperature range from 100 - 200 MeV. It
can further be stated that ∆ approaches unity for rising
temperatures.
Second, a contact term is derived to explicitly restore
current conservation. The cross sections are recalculated,
considering the additional (incoherently added) contribu-
tion of the contact term, and the resulting photon rates
are finally compared to those without considering the
additional contribution. This effort is undertaken in the
example of process (6d) for which current conservation is
found to be violated in the case of mρ 6= Mρ, since the
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FIG. 14. Average value of the current conservation breaking
term, ∆, as a function of the temperature. Mρ = 0.776 GeV
is assumed while mρ and u are extracted from SMASH.
condition
kµMµ = 0, (D1)
is not fulfilled. Here, kµ is the photon momentum and
Mµ the matrix element without the photon polarization
vector. The introduced contact term Mc modifies the
matrix element such that
kµ (Mµ +Mµc ) = 0, (D2)
and current conservation is restored. Note though that
there is no unambiguous definition forMµc following con-
dition (D1) and it is possible to construct a contact term
M′ µc = (Mµc +A kµ) (D3)
with A being an arbitrary function of the kinematic
variables that still fulfills condition (D1), since kµk
µ
always vanishes. In this assessment, the simplest case is
considered with a minimal modification such that A = 0.
The modified matrix elementM+Mc is then used to de-
termine the corrected cross section of process (6d). Note
though, that the contributions are added incoherently,
similarly as for the combination of (pi, ρ, a1)-mediated
and ω-mediated processes.
Fig. 15 shows the thermal photon rate for process
(6d) in the case of broad ρ mesons with (solid line) and
without (dashed line) the contribution from the contact
term. This additional contribution obviously has only
a minor effect on the thermal photon rate. In fact, the
ratio of both rates is, within errors, consistent with
unity. Generalized to all affected processes, it can be
assumed that a consideration of the contact term is not
necessary as the photon rate remains unaffected. The
treatment of considering broad ρ mesons as described in
Sec. III B 5 is thus justified.
Appendix E: Parameters
For the sake of completeness and reproducibility, the
values of all parameters used for the computation of
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FIG. 15. Thermal photon rate for process (6d), pi0 + ρ± →
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the cross sections depicted in Fig. 1 are listed in the
following table:
C = 0.059 η1 = 2.22388 GeV
−1
g˜ = 6.4483 η2 = 2.39014 GeV
−1
γ = −0.2913 m0 = 0.875 GeV
ξ = 0.0585 C4 = −0.140942 GeV−2
Z = 0.8429 Γa1 = 0.4 GeV
δ = −0.64251 gpiρω =
 11.93 GeV−1 w/o FF22.6 GeV−1 w FF
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